The thermal environment is an important aspect of the urban environment because it affects the quality of life of urban residents and the energy use in buildings. Urban Heat Island (UHI) and Urban Cold Island (UCI) are complementary effects that are the consequence of cities' structures interference with the local climate. This article presents results from five years of urban climate monitoring (2012)(2013)(2014)(2015)(2016) in a small Portuguese city (Bragança) using a dense meteorological network of 23 locations covering a wide array of Local Climate Zones (LCZ), from urban areas to nearby rural areas. Results show the presence of both the UHI effect, from mid-afternoon until sunrise, and the UCI after sunrise, both being more intense under the dense midrise urban context and during the summer. Urban Green Spaces had an impact on both UHI and UCI, with an important role in cooling areas of the city during daytime in the summer. Other LCZs had less impact on local thermal conditions. Despite the small size of this city, both effects (UHI and UCI) had a relevant intensity with an impact on local climate conditions. Both effects tend to decrease in intensity with increasing wind speed and precipitation.
Introduction
As over half of the global population lives nowadays in urban environments [1] , the changes in land use and land cover, from rural to urban, induced modifications in physical processes which generate the urban climate, described by Oke [2] as the particular meteorological processes and atmospheric changes that take place at the urban level. Many urban patterns can influence the local climate, including the distribution of land use, the design of streets, buildings and open spaces, as well as the choice of materials; such urban design options generate local changes in wind speed and direction, humidity, precipitation, air temperature, air pollutants dispersion and deposition [3, 4] .
Back in 1981, an increase in the amount of urban climate studies was already identified by Landsberg [5] , who associated this trend with the growing interest by the scientific community on the human impact on the environment. The relevance of urban climate studies is often associated with the needs of a large group of professionals, in different sectors, avid for knowledge that can be applied in the development of solutions for the built environment through sustainable urban design and architecture [2] . Moreover, urban climate studies increased over the last decades as a consequence of the growing concern with human thermal comfort, energy savings, and climate change [6, 7] . However, the singularity of each city demands for the development of studies in a wide array of conditions, providing adjusted information for planners and policy makers [8] .
Urban Heat Island (UHI) is one of the most studied effects in the urban climate [9] [10] [11] [12] [13] , which can be described as the tendency for surface air temperature to be higher in cities when compared with the surrounding rural areas [5, 14, 15] . Therefore, UHI intensity can be analyzed by looking at the differences in surface air temperature between the urban and rural areas; such differences can be ascribed by means of differentiated heating (from sunrise until sunset) and cooling (from sunset to sunrise) across different measurement locations [16] . In fact, the complex characteristics of the urban context include structures that have high thermal admittance which can capture, store, and release heat, which contributes to the warming of cities [6, 17] . Radiation balance has a major influence on the changes in air temperature, as incoming radiation-both long and short wave-reaches the surfaces and urban areas have higher uptakes of net radiation [11, 18] . Sensible heat (SH) and latent heat (LH) also have a major influence on urban climate during the day in urban and rural areas, respectively [11, 17, 19, 20] . Low albedo of surfaces also plays a relevant role in promoting the UHI effect [5, 14, [17] [18] [19] [20] [21] [22] [23] [24] . In addition, anthropogenic sources provide supplementary heat in cities [11, 18, 23] .
Many studies report changes in the UHI intensity across different urban locations; such differences tend to be positive during the nighttime, reaching the highest values just before sunrise [11, 13, 15, [24] [25] [26] [27] [28] [29] [30] . Conversely, during the morning, negative UHI has also been identified [26] [27] [28] [29] 31, 32] , in what is often called as the Urban Cold Island effect (UCI) [27, 29, 31] . This process takes place mostly because buildings (or other urban elements) block the solar radiation during the early hours of the day, providing shade in urban areas, while those same structures affect the wind speed inside the urban structure, setting the basis for the UCI [33] . Both of these thermal effects have differentiated intensity when changing the texture of the urban environment [34] .
In order to address the variability in the intensity of both the UHI and the UCI effects in an urban area, it is necessary to address the complexity and diversity of the urban fabric [35, 36] . Many approaches try to define categorical variables that can provide a valid reference for urban climate analysis, formulating or applying Local Climate Zones (LCZ) [2, 36] . The LCZs concept has been used as a spatial reference for the design of urban meteorological networks [13, [37] [38] [39] [40] [41] [42] , allowing the analysis of diverse meteorological conditions inside and at the periphery of urban areas.
The main objective of this study was to investigate the intensity of both the UHI and UCI effects in a small but complex urban reality-the city of Bragança (Portugal)-evaluating the changes in the intensity of those effects inside the urban fabric, using LCZs as a reference for this analysis. This study uses data from five years of meteorological observations (2012-2016).
Materials and Methods
Bragança is a small size city (approximately 25,000 inhabitants) located in the northeast of Portugal (41 • 48 20 N, 6 • 45 42 W) (Figure 1 ), in a mountain region. It is located in a complex terrain and has a diverse urban form. The meteorological network implemented to study this city urban climate includes a set of 23 temperature and relative humidity sensors (model TGP-4500, TinyTag, Gemini Data Loggers, Chichester, UK), spread across the urban and peri-urban context (Figure 2a) , encapsulated in white cases and placed three meters above ground level, facing south, semidetached from existent street lights (Figure 2b ). Wind speed was measured with three weather stations used for data control (Model 05103, Wind Monitor. Young, Traverse City, MI, USA). Data from every measurement was logged with ten second averages.
The definition of the meteorological network considered a set of criteria ( Figure 2 ; Table 1 ): sensors were spread across the city; at least three sensors were placed in each of the seven considered LCZs (Table 2) ; and the distribution covered the urban to rural gradient. Land use and land cover from every location was gathered including: the Sky View Factor (SVF) using fish eye photos for information; roughness length using Gal et al. method [43] ; and the impervious surface fraction for a 25 m radius using ArcGIS software. The network was first installed in December 2011 and has provided essential data for understanding the local urban climate. The definition of the meteorological network considered a set of criteria ( Figure 2 ; Table 1 ): sensors were spread across the city; at least three sensors were placed in each of the seven considered LCZs (Table 2) ; and the distribution covered the urban to rural gradient. Land use and land cover from every location was gathered including: the Sky View Factor (SVF) using fish eye photos for interpretation; roughness length using Gal et al. method [43] ; and the impervious surface fraction for a 25 m radius using ArcGIS software. The network was first installed in December 2011 and has provided essential data for understanding the local urban climate. As the city rests on a complex terrain, with differences in altitude of up to 200 m, a polynomial regression model was used to estimate and then correct the altitude bias, approaching data to an average altitude of 680 m, using data from two rural sensors to determine a fifth degree polynomial function. The result was a slight adjustment that reduces the altitude bias. The definition of the meteorological network considered a set of criteria ( Figure 2 ; Table 1 ): sensors were spread across the city; at least three sensors were placed in each of the seven considered LCZs (Table 2) ; and the distribution covered the urban to rural gradient. Land use and land cover from every location was gathered including: the Sky View Factor (SVF) using fish eye photos for interpretation; roughness length using Gal et al. method [43] ; and the impervious surface fraction for a 25 m radius using ArcGIS software. The network was first installed in December 2011 and has provided essential data for understanding the local urban climate. As the city rests on a complex terrain, with differences in altitude of up to 200 m, a polynomial regression model was used to estimate and then correct the altitude bias, approaching data to an average altitude of 680 m, using data from two rural sensors to determine a fifth degree polynomial function. The result was a slight adjustment that reduces the altitude bias. As the city rests on a complex terrain, with differences in altitude of up to 200 m, a polynomial regression model was used to estimate and then correct the altitude bias, approaching data to an average altitude of 680 m, using data from two rural sensors to determine a fifth degree polynomial function. The result was a slight adjustment that reduces the altitude bias.
Data was collected on location every other month. Thermohygrometers were regularly tested (every 2 years) to verify for the need for calibration. No meaningful differences were found between the devices since the beginning of the observations and therefore data quality was considered to be insured.
For this particular study, data analysis considers a period from 2012 to 2016. Altogether, a total of 958,985 surface air temperature records were considered (approximately 41,689 for each point). Paired-samples t-tests were conducted to investigate whether the data from average air temperature was different across the study LCZs. Data analysis focused on UHI effect intensity, considering the seasonal differences in surface air temperature between urban LCZs and nearby rural areas (∆(T LCZ − T RUR )). For the same spatial contexts, other analyses included the monthly and hourly variation of the UHI intensity, the average cooling and warming rates, and the influence of wind and precipitation on UHI intensity. Statistical analysis and graphical representation were carried out with the support of SPSS 17 software [44] . 
Results

Case Study
Bragança is a small size city (approximately 25,000 inhabitants) located in the northeast of Portugal and has cold and humid winters and dry and warm summers (Csb-Köppen). Meteorological data from the study period ( Figure 3) shows a wide variation in average surface air temperatures from cold winters to warm summers. Wind speed had its maximum average during the month of February, while precipitation had a maximum average during the months of January and October. Under the local climate conditions, occasional outdoor thermal comfort is expected during mild periods from late spring to early fall, as both cold and hot discomfort is expected be felt outdoors throughout most of the year [45] . 
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UHI Intensity
The UHI intensity (∆(T LCZ − T RUR )) results show a wide amplitude for the different urban LCZs (Figure 4) , ranging from positive to negative differences, despite the positive median values. As expected, the higher intensity in the UHI was found on the most urbanized contexts (LCZ 2 and 3). LCZ GAB (Urban Green Spaces) also presented a wide range of UHI intensity values, especially during the summertime. Globally, the summer period had the highest intensity medians and the wider range of values. Conversely, the UHI intensity is quite low during the winter season and the range of values narrows.
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The UHI intensity (∆( − )) results show a wide amplitude for the different urban LCZs (Figure 4 ), ranging from positive to negative differences, despite the positive median values. As expected, the higher intensity in the UHI was found on the most urbanized contexts (LCZ 2 and 3). LCZ GAB (Urban Green Spaces) also presented a wide range of UHI intensity values, especially during the summertime. Globally, the summer period had the highest intensity medians and the wider range of values. Conversely, the UHI intensity is quite low during the winter season and the range of values narrows. When looking at low-rise urban development LCZs (5 and 9), UHI intensity tends to be reduced in range. The peri-urban context, LCZ 9, has the lowest UHI intensity levels. The existence of a substantial fraction of negative UHI intensity suggests the existence of a UCI effect. When looking at low-rise urban development LCZs (5 and 9), UHI intensity tends to be reduced in range. The peri-urban context, LCZ 9, has the lowest UHI intensity levels. The existence of a substantial fraction of negative UHI intensity suggests the existence of a UCI effect.
In order to have an insight on the behavior of surface air temperature inside the urban fabric when compared with the rural context, it is important to analyze the daily hour change in the UHI intensity throughout the year ( Figure 5 ). From this analysis, results show the existence of diverse processes taking place throughout the day, all over the year. Starting from sunrise, soon after the UHI effect reaches its highest values, there is a quick shift in the UHI intensity, as surface air temperature increases faster in the rural context when compared with the urban LCZs. These results suggest the existence of a UCI effect, as in the early hours of the day, the solar radiation hits the ground of the open rural areas earlier, warming up the surfaces and causing air temperature to rise quickly, while the shadows cast by the buildings and trees partially intersect the solar radiation reaching the urban environment. As a consequence, during this period, surface air temperature raises slowly inside the urban context when compared with the rural areas. The UCI was felt with the highest intensity inside the urban green spaces (LCZ GAB) during the summer months, reaching over −3 • C. The persistence of the UCI effect in local green spaces may be explained by the fact that all selected monitoring spots included trees, most of them deciduous, in the vicinity of the sensors, therefore there was a cooling effect as a result of evapotranspiration and of shadows cast by such trees. Such effect was felt more intensely during the spring and summer periods, and was reduced during the fall and winter seasons, likely due to the reduced amount of leaves in trees. Midrise building in LCZs 2 (residential) and 8 (commercial) also had relevant UCI intensities throughout part of the year, which was probably caused by the effect of shadows cast by nearby buildings. Lower UCI intensities were felt in low-rise developments LCZs (3 and 5) .
From the afternoon until sunrise, UHI intensities are positive across urban LCZs and intensify when approaching sunrise, thus showing the existence of a UHI effect. Higher hourly UHI intensities were reached in LCZ 2, just before sunrise in summertime, with differences of over 4 • C. LCZs 8, 9, and GAB had lower UHI intensities, but still reached averages close to 3 • C during a fraction of the nighttime. The lowest values were reached in low-rise urban contexts (LCZs 3 and 5).
Seasonal Hour Temperature Change across LCZs
Changes in the UHI intensity may also be analyzed through the heating and cooling rates across the LCZs (Figure 6 ), where positive values indicate average hour increases in surface air temperature (warming) and negative values indicate average decreases in surface air temperature (cooling).
As the sun elevates after sunrise, surface air temperature increased in every LCZ. In most of the seasons, during the early hours of the day, the local average warming ratio was higher in rural areas, with a clear difference during the early hours of summer, with a maximum average increase during the summer at approximately 08:00 (UTC) reaching an increase of 2 • C/h. Conversely, the UHI effect is more intense during the night, reaching its maximum intensity just before sunrise. Higher UHI intensities are motivated by the slow release of heat in cities during the night, most noticeable in low SVF locations, as such was the case of LCZ 2, 8, and GAB during the summer. SVF relates with the UHI intensity as the surfaces, heated during the day, release long wave radiation during the night, which is partially trapped by the surrounding elements, preventing a faster release of heat. The night cooling in rural areas, on the other hand, takes place faster, thus generating a relevant difference in surface air temperature when compared with urban LCZs, enhancing the UHI effect. Although the daily cooling and heating rates are similar in all the LCZs, the highest range of results was found in the rural LCZ (RCD). leaves in trees. Midrise building in LCZs 2 (residential) and 8 (commercial) also had relevant UCI intensities throughout part of the year, which was probably caused by the effect of shadows cast by nearby buildings. Lower UCI intensities were felt in low-rise developments LCZs (3 and 5) . From the afternoon until sunrise, UHI intensities are positive across urban LCZs and intensify when approaching sunrise, thus showing the existence of a UHI effect. Higher hourly UHI intensities were reached in LCZ 2, just before sunrise in summertime, with differences of over 4 °C. LCZs 8, 9, and GAB had lower UHI intensities, but still reached averages close to 3 °C during a fraction of the nighttime. The lowest values were reached in low-rise urban contexts (LCZs 3 and 5).
As the sun elevates after sunrise, surface air temperature increased in every LCZ. In most of the seasons, during the early hours of the day, the local average warming ratio was higher in rural areas, with a clear difference during the early hours of summer, with a maximum average increase during the summer at approximately 08:00 (UTC) reaching an increase of 2 °C/h.
Conversely, the UHI effect is more intense during the night, reaching its maximum intensity just before sunrise. Higher UHI intensities are motivated by the slow release of heat in cities during the night, most noticeable in low SVF locations, as such was the case of LCZ 2, 8, and GAB during the summer. SVF relates with the UHI intensity as the surfaces, heated during the day, release long wave radiation during the night, which is partially trapped by the surrounding elements, preventing a faster release of heat. Conversely, the night cooling in rural areas takes place faster, thus generating a relevant difference in surface air temperature when compared with urban LCZs, enhancing the UHI effect. Although the daily cooling and heating rates are similar in all the LCZs, the highest range of results was found in the rural LCZ (RCD). In every LCZ, the maximum warming rate was felt close to the time of sunrise. Conversely, the cooling rate reached its peak soon after sunset. In every LCZ, the maximum warming rate was felt close to the time of sunrise. Conversely, the cooling rate reached its peak soon after sunset.
Wind and Rain Effect
As may be recognized in Figure 5 , there are several timeframes in which the mentioned UHI and UCI effects became less intense, such was the case of March and October. Such variations may be understood through the analysis of both wind and rainfall, as those variables have an influence on the UHI intensity [5, 46] . When analyzing the relationship between UHI intensity and both wind speed and precipitation, there is a clear reduction in the dispersion of results, with both UHI and UCI effects showing less intensity (Figure 7) . These results show the importance of wind in reducing the heat storage by promoting convection, while the rain conditions are associated with a lower intake of shortwave radiation, as a consequence of cloud covering, and with the cooling effect of water evaporating on surfaces. 
Discussion
This paper analyzes data from a dense measuring network located in a small city with a diverse urban structure. Larger cities are associated with higher UHI intensity [47] [48] [49] and several of such cities have been studied in recent years [10, 13, 41, [50] [51] [52] . Small cities receive less attention, although occasional studies [53] [54] [55] show that there are urban climate issues that should be considered in this city size scale, including the UHI effect.
This study focused on the analysis of the UHI and UCI using a large dataset (five years) from a dense monitoring network covering a wide array of LCZs. Results on UHI intensity show a positive median value with a large variation throughout the day and night periods, with seasonal variations.
The general UHI intensity measured in this study, in both the daytime and nighttime, follows the general trends presented in similar studies, as the UHI effect had a higher intensity in the most densely urbanized areas, while a more intense UCI was found in local green spaces [10, 11, 27, 37, 50, [56] [57] [58] [59] . From sunrise, the daily evolution of air temperature shows a slower warming of the urban LCZ in the early hours of the day when compared with the rural areas, most noticed inside urban green spaces (LCZ GAB) and in dense urban contexts with midrise buildings and high admittance surfaces (LCZ 2 and 8). Such effect is more effective during the summer and, under the local climate conditions, may help to provide cooling areas during the morning in hot summer days. The four monitoring locations located inside green spaces had deciduous trees, a fact that may help explain the existence of contrasting effects between fall and winter seasons and summer seasons. During the warmer seasons, trees' shadow generates a more effective cooling effect. The main reason for these circumstances is related to the differences in the SVF from the monitoring sites, as the rural areas considered (RCD) in the vicinity of the city of Bragança are mostly formed by low-rise vegetation, with high SVF, easing the cooling of surfaces, in contrast with the lower SVF found in LCZ GAB. These results are consistent with studies that demonstrate the cooling potential of green spaces [33, [60] [61] [62] [63] . The relatively high UCI registered in the LCZs 2 and 8 are associated with the urban configuration, including shadow cast by buildings and reduced ventilation inside the urban structure.
From mid-afternoon, the prevailing effect starts to be the UHI, with increasing intensity until sunrise. The most relevant effect was reached on LCZ 2, with average differences just over 4 • C during the summer. Such effects are often the result of the urban texture, with lower SVF, impervious surfaces, and low albedo materials [15] . Under warm summer conditions, the persistence of a high UHI may contribute to the development of health problems during warm summer nights [64] [65] [66] , since this effect may help extend the heat stress beyond the daytime hours. Less dense LCZs have a smaller impact on the UHI.
Among such LCZs, the GAB showed the highest potential for developing a UCI during the day, while having the second highest UHI intensity during summer nights. The lower impact of GAB in reducing the UHI during summer nights should be related with the role of the tree canopy in reducing the SVF, thus limiting the emission of long wave radiation [67, 68] .
Daily and seasonal variation analysis has shown that there were some periods with low UHI and UCI intensities. This study presents results that suggest that both effects are reduced and even neutralized by the effect of wind or precipitation, or both. Such circumstances have also been found in similar studies [29, 55, 69] indicating that both the UHI and UCI effects are more intense during stable meteorological conditions.
The existence of a dense measuring network in a small city should be regarded as providing a relevant potential for delivering quality data to urban planning. As the UHI effect is often associated with large cities, this study shows that the studied city (Bragança, Portugal) had an important impact on the urban climate, thus demonstrating the need for a wide development of research to address local urban climate issues.
This study used the definition of LCZs as a starting point for the analysis of the UHI intensity in a diverse urban context. This approach carries some degree of simplification, as it uses a categorical approach to the definition of the urban influence on local climate. To better understand this effect, a deeper analysis on the microclimatic conditions on individual sensor location should be considered in future analysis. Moreover, the complexity of the dataset and the hour, daily, and seasonal variations in surface air temperature demand further and more diverse approaches to the analysis of the data provided by the local meteorological network.
In the future, the meteorological network will continue to gather relevant data that will provide additional inputs for the development of research, including microclimatic analysis, urban climate mapping, or urban climate modeling.
